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ABSTRACT

Through the analysis of both U-Pb and (U-Th)/He ages from detrital zircon grains
we can constrain thermal histories by establishing ages which correspond to
crystallization and exhumation events, respectively. This combined geo/thermochronologic approach is used here to constrain the history of the polyphase
Nacimiento fault. This fault traverses central and southern California and has
accumulated at least 150 km of slip since Late Cretaceous time. Major displacements
along the structure occurred between 75 and 56 Ma, with Neogene to Holocene strike-slip
remobilization linked to the San Andreas fault system. Detrital zircon U-Pb
geochronology from Franciscan subduction assemblages west of the Nacimiento fault
suggest that deposition of these rocks occurred between ca. 95 and 80 Ma. (U-Th)/He
ages from the same samples indicate that these zircon grains have been partially reset
during Franciscan subduction, with resetting taking place between ca. 75 and 55 Ma.
These results suggest that zircon grains experienced burial and exhumation during fault
activity. However, some zircon grains record a more complex history with (U-Th)/He
ages well after fault activity, as young as 9 Ma. These young ages may be related to
passage of the Mendocino triple junction beneath central California. Most ages suggest
that the Franciscan complex west of the Nacimiento fault was deposited, subducted, and
exhumed within a ~ 10 to 20 Myr window.
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1. INTRODUCTION

The Franciscan Complex has provided insight into the processes and timescales
regarding subduction assembly, disassembly and exhumation (Wakabayashi, 2015 and
references therein) and is considered as one of the most complete subduction assemblages
(e.g., Hamiliton, 1969; Ernst, 1970). Located in central California, the Nacimiento block
is composed of Franciscan assemblages variably metamorphosed under high-pressure,
low temperature (HP/LT) conditions (Blake et al., 1967 and 1969; Ernst, 1980; Chapman
et. al, 2016). The timing of Nacimiento Franciscan assembly is constrained to ca. 95-70
Ma by paleontological, bulk rock K-Ar dates and recent U-Pb detrital zircon
geochronology (Hall, 1991; Suppe and Armstrong, 1972; Chapman et al., 2016). While it
is recognized that major displacements along the Nacimiento fault took place between 75
and 56 Ma (e.g., Dickinson et al., 2005; Jacobsen et al., 2011), only recently has U-Pb
detrital zircon geochronology indicated a dip-slip origin for the Nacimiento fault with
provenance of the Nacimiento block outboard of southern California (Chapman et al.,
2016).
While these studies have shed light on processes controlling the assembly of the
Nacimiento Franciscan little is known regarding the exhumation of the region. It is likely
that the Nacimiento block was exhumed through a combination of erosional and tectonic
mechanisms. Erosional versus tectonic exhumation mechanisms could be evaluated using
thermal modeling, since models should indicate whether a sample cooled quickly (i.e.
through tectonics and associated faulting) or slowly (i.e. through erosion).
Through the measurement of both U-Pb and (U-Th)/He on individual detrital
zircons (He-Pb double-dating), effective uranium (eU) and detrital zircon (U-Th)/He
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correlations and thermal modeling we intend to constrain the timing of exhumation in the
Nacimiento block. With a closure temperature of approximately 180°C in a zircon
(Farley, 2002; Reiners et al., 2004; Reiners, 2005), the (U-Th)/He system constrains the
timing of cooling events and can be used to understand exhumation histories. Through
He-Pb double dating, we are able to apply both a high-temperature and low temperature
dating system to the same zircon grain to understand the thermal history of an individual
zircon grain. Some of these zircons may be unreset and first-cycle volcanic (i.e. U-Pb
and (U-Th)/He zircon (ZHe) age is the same); however, other grains may be completely
reset (i.e. U-Pb and ZHe ages are different) and some samples may be partially reset (i.e.
combination of reset and unreset grains). Through the use of eU as a proxy for radiation
damage and thermal modeling we can develop interpretations that take these postdepositional and pre-depositional histories into account. In these detrital samples, zircons
may share a post-depositional thermal history, but each of these grains may be only
partially reset and their pre-depositional formation and thermal histories will influence
their reflected ZHe ages.
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2. GEOLOGIC BACKGROUND

Located in the central California Coast Ranges, the Nacimiento Block extends
over a 300 x 30 km region and is confined to the east by the Sur-Nacimiento fault, to the
south by the Santa Ynez fault, and to the west by the Pacific Ocean (Chapman et al.,
2016) (Figure 2.1). The block is comprised primarily of accretionary wedge subduction
assemblages tectonically overlain by segments of the Coast Range ophiolite along the
Coast Range fault (Bailey et al., 1970, Ernst, 1970, 1980; Jayko et al., 1987; Dickinson et
al., 2005; Chapman et al., 2016). The Coast Range ophiolite sequences are
unconformably overlain by the Great Valley Group forearc assemblages, including
uppermost Jurassic to Lower Cretaceous shale and sandstone of the Toro Formation and
Upper Cretaceous arkosic assemblages of the Atascadero Formation (Page, 1972; Hall et
al., 1979; Hall, 1991; Jacobson et al., 2011; Wakabayashi, 2015; Chapman et al., 2016).
Accumulating in a subduction zone and trench, assemblages in the Nacimiento are
well known as a constituent of the Franciscan complex (Gilbert, 1973; Ernst, 1980;
Dickinson et al., 1982; Korsch, 1982; Hall, 1991; Ducea et al., 2009; Wakabayashi, 2015;
Chapman et al., 2016). The Nacimiento Franciscan is a subduction assemblage of
sandstone, siltstone, shale, chert, conglomerate, serpentinite and basaltic rocks,
metamorphosed to various degrees under HP/LT conditions (Blake, 1988; Ernst, 1980;
Wakabayashi, 2015; Chapman et al., 2016). Chapman et al. (2016) divides the
Nacimiento Franciscan into three distinct units: “(1) broken formation consisting of
internally sheared yet coherent well-bedded sandstone and turbidite sequences that lack
exotic blocks; (2) a chaotically sheared (mélange) unit mainly consisting of clastic and

4

greenstone blocks within a foliated siliciclastic matrix and containing <1% exotic blocks
of chert, blueschist, and serpentinite; and (3) coherent unmetamorphosed submarine fan
systems interpreted as trench-slope basin assemblages (slabs) lying in depositional
contact above, and containing detritus from, the subduction complex.”
Based on mineralogy and bulk rock compositions, the assemblages within the
Nacimiento Franciscan underwent recrystallization at temperatures of approximately 100300°C (Ernst, 1980; Underwood et al., 1995; Underwood and Laughland, 2001) and
pressures ranging from 2 to 3 kbar in the west to 5 to 8 kbar in the east (Ernst, 1980).
Metamorphic assemblages of the Nacimiento increase in grade inland. Ernst (1980)
classified the region into three zones from west to east: zone I – lacking neoblastic Ca-Al
hydrous silicates; zone II – containing prehnite/pumpellyite; and zone III – containing
lawsonite ± jadeitic pyroxene. Underwood et al. (1995) and Underwood and Laughland
(2001) suggest that the region may have experienced post subduction heating possibly
related to hydrothermal activity and ore deposition. Furthermore, the development and
migration of the Mendocino Triple Junction and the accompanying slab-window over the
past 25-30 million years has affected the California Coast Ranges through post
subduction heating related to the formation and migration of the slab-window (Atwater,
1970; Dickinson and Snyder, 1979; Furlong and Schwartz, 2004).
Assembly of the Nacimiento Franciscan is attributed to a combination of
progressive accretion and underplating, with the formation of mélange as the result of
tectonic, sedimentary and diapiric mixing (Hsu, 1968; Hsu, 1969; Page, 1970; Cloos,
1982; Ogawa et al., 2014; Wakabayashi, 2015; Chapman et al., 2016). Exhumation of
the Nacimiento Franciscan is thought to be the result of a combination of extension
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accompanied by return flow within the accretionary wedge (Platt, 1986; Wakabayashi,
2015; Chapman et al., 2016). Blueschist blocks in mélange near San Simeon
metamorphosed at ca. 155-150 Ma are thought to constrain the onset of subduction in the
Nacimiento block (Ukar, 2012; Ukar et at., 2012). Paleontological, K-Ar whole-rock,
40

Ar-39Ar detrital K-feldspar, and U-Pb detrital zircon ages ranging between ca. 90 and

70 Ma indicate the timing of significant delivery and accretion of clastic detritus to the
trench (Hsu, 1969; Gilbert, 1971; Page, 1972; Suppe and Armstrong, 1972; Seiders,
1983; Underwood et al., 1995; Jacobson et al., 2011, Chapman et al., 2016).
Detrital zircon U-Pb geochronology suggests that the Nacimiento block shares a
close affinity to subduction-accretion assemblages exposed in Southern California, such
as Sierra de Salinas, Rand, San Emigdio, and Pelona schists when compared to the rocks
exposed in central California such as the Diablo Range, and San Francisco Bay Area
(Chapman et al., 2016) supporting the theory that the Nacimiento block originated and
was underplated beneath southern California (Hall, 1991; Ducea et al., 2009; Hall and
Saleeby, 2013; Chapman et al., 2016). Major displacements along the Nacimiento fault
took place between 75 and 56 Ma (Dickinson et al., 2005; Jacobsen et al., 2011);
however, it has remained controversial as to whether the nature of displacement during
this time was strike-slip or dip-slip. With the onset of shallow subduction during the Late
Cretaceous, previously thickened and rootless orogenic crust collapsed under its own
weight around ca. 75 Ma (Wood and Saleeby, 1997; Chapman et al., 2012; Hall and
Saleeby, 2013). This event is simultaneous with Nacimiento fault activity as well as
extension in the Coast Range fault (Platt, 1986; Jayko et al., 1987) supporting that the
Nacimiento fault originated under extensional conditions (Chapman et. al, 2016).
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Figure 2.1. Geologic Map of the Nacimiento Block. Locations of rocks sampled for
detrital zircon He-Pb dating shown numbered. Field sample identifiers are shown in
Table 4.1.

7

Figure 2.1. Geologic Map of the Nacimiento Block cont.

8

Figure 2.1. Geologic Map of the Nacimiento Block cont.
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3. METHODS

Zircon grains used in this study were separated using standard density and
magnetic techniques and dated by the U-Pb method using laser-ablation-multicollectorinductively coupled plasma-mass spectrometry (LA-MC-ICP-MS) as outlined in
Chapman et al. (2016). Zircon grains were imaged using a cathodoluminescence (CL)
detector on the Scanning Electron Microscope (SEM) at Missouri University of Science
and Technology (MS&T).

3.1. DETRITAL ZIRCON (U-TH)/HE THERMOCHRONOLOGY
In order to double date single zircon grains for U-Pb and (U-Th)/He,
approximately 15 detrital zircon grains were selected per sample of Franciscan
subduction assemblages (7) and the Toro Formation in the Nacimiento block (1). Zircon
grains were selected for (U-Th)/He dating based on the following criteria (Reiners,
2005): 1) Shape: grains must be euhedral-subhedral; 2) Size: length of grain axes cannot
be smaller than 60 microns and must be representative of the average size of zircon from
that particular sample; and 3) Diverse: grains must yield a wide range of U-Pb ages. For
example, if a sample yielded Cretaceous, Jurassic and Proterozoic U-Pb detrital zircon
ages, then grains were selected for (U-Th)/He analysis from each U-Pb age population to
evaluate the degree of resetting of helium in that sample.
The ejection of He in zircons caused by long alpha stopping distances (̴ 20 μm)
requires the application of an alpha ejection correction (Farley, 1996; Reiners, 2005).
Zircon grains smaller than 60 microns require large alpha ejection corrections, which can
potentially cause large errors if U-Th concentrations are zoned. This requires that grains
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are relatively euhedral, and larger than 60 microns. Zircon grains were extracted from UPb grain mounts and grain dimensions were measured, both under ethanol, in the
Thermochronology Research and Instrumentation Laboratory (TRaIL) at the University
of Colorado, Boulder. After handpicking, each grain was measured along all three axes
(Appendix 1), and then packed into a Niobium capsule where it was processed for He
extraction in an ASI Alphachron. After He analysis, zircon grains were dissolved in
Teflon bombs for parent isotope (U and Th) analysis in a ThermoFinnigan Element 2
ICP-MS University of Colorado, Boulder following procedures outlined in Reiners
(2005). Fish Canyon Tuff zircon standards were run in conjunction with unknown grains
and routinely yield an average date of 29.6 + 1.2 Ma (n=3).
Interpreting ZHe dates in partially reset detrital samples is difficult due to the
potential for disparities in pre-depositional He content and variations from diverse
sources (e.g. Reiners, 2005; Guenthner et al., 2014). If zircon grains are heated in or near
the partial retention zone (PRZ), or experience protracted cooling in the PRZ, associated
radiation damage will affect He diffusion kinetics (Guenthner et al., 2013; Guenthner et
al., 2014). Effective uranium is used as a proxy for radiation damage and is assessed
based on an alpha production rate in each zircon (eU=U+0.235×Th) (e.g. Guenthner et
al., 2013; Guenthner et al., 2014). If radiation damage has affected helium diffusivity in
zircon grains within sample, eU-ZHe date correlations will either produce a positive or
negative trend (Guenthner et al., 2013; Guenthner et al., 2014; Powell et al., 2016).
Samples exhibiting a positive eU-Zhe date trend are reflecting that helium diffusivity
increases with radiation damage, while negative trends reflect long-term radiation
damage at temperatures too low for helium annealing to occur (Guenthner et al., 2013).
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3.2. INVERSE THERMAL MODELING
After obtaining detrital zircon (U-Th)/He ages, time-temperature (t-T) paths were
modeled using HeFTy inverse thermal modeling software (Ketcham, 2005). This
software generates possible t-T cooling paths based on grain size, uncorrected or raw age,
U-Th-Sm content and user specified temperature-time constraints. Depositional time
constraints are selected based on detrital zircon U-Pb maximum depositional ages
(Chapman et al., 2016) and paleontological data (Hall, 1991) and are modeled with
temperature constraints between 0-20 °C. Time constraints are selected based on the (UTh)/He dates corresponding to each zircon grain with temperature constraints based on
vitrinite-reflectance data (Underwood et al., 1995 and Underwood and Laughland, 2011)
as well as temperature stabilities reflected by metamorphic mineral assemblages
exhibited in each sample (Chapman et al., 2016). All grains were run with final t-T
constraints at 0-20 °C from 0-1 Ma.
The inverse thermal model software uses a Monte Carlo random search and runs
for 104 attempted paths displaying acceptable, good and best-fit cooling paths. These
paths are determined through a goodness of fit value (GOF) between the model and the
measured ages. An acceptable result corresponds to a minimum statistic value of 0.05 and
indicates the statistics pass a 95% confidence test (Ketcham, 2005). A good fit dictates
the average of multiple statistics to be above 0.5 and requires that the minimum statistical
result in the set must be greater than 1/(N+1), where N is the number of statistics in the
set. Overall, a good result indicated that the time-temperature path is supported by the
data while an acceptable time-temperature path is not ruled out by the data (Ketcham,
2005).

12

4. RESULTS

4.1. CATHODOLUMINESCENCE
Thirty six zircon grains from the Nacimiento Franciscan were imaged using a
cathodoluminescence (CL) detector with approximately 65 percent exhibiting euhedral
fine oscillatory zoning. Approximately 35 percent of imaged grains exhibit truncated
interior zones most of which are observed in sample 11SL1 (Figure 4.1 A and B). All CL
images are located in Appendix B.

Figure 4.1. SEM images in CL. (A) Example of a zircon from sample SLO-387
exhibiting euhedral oscillatory zoning and (B) Example of a zircon from sample 11SL1
exhibiting a truncated interior zone.

4.2. DETRITAL ZIRCON (U-TH)/HE THERMOCHRONOLOGY
Out of the 127 zircon grains measured for (U-Th)/He, 100 were previously dated
by the U-Pb method (Chapman et al., 2016). Age results are shown on relative age
proportion diagrams comparing single zircon (U-Th)/He (ZHe) ages with U-Pb ages (e.g.
Figure 4.2) and on scatter plots comparing U-Pb ages against ZHe directly (e.g. Figure
4.3). Date and eU correlations are shown for all samples as well (e.g. Figure 4.4). ZHe
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ages from the Nacimiento Franciscan are subdivided into four main groups: (1) major age
peaks at ca. 106–104 Ma, (2) major age peaks at ca. 86-80 Ma (3) major age peaks at
ca.70-50 Ma and minor age peaks at ca. 40 Ma (4) 7 Ma. One analyzed sample from the
Toro Formation constitutes a fifth group with ZHe ages ranging from 99-15 Ma. Field
sample identifiers, metamorphic grade, maximum depositional ages (calculated in
Chapman et al., 2016), and ZHe ages are in Table 4.1. All analytical data can be found in
the digital supplemental file.

Table 4.1. Summary of Metamorphic, Geochronologic and Thermochronologic Data.
Sample
No.

Map
ID

Metamorphic
Gradea

Nacimiento
Group*

Maximum
Depositional
Age (Ma)*

2σ

ZHe Age
(Ma)

2σ

11SL1
13NB1
SLO-387
SLO-401
11MB5

1
2
3
4
5

PP
Z
PP
LJ
Z

2B
3
1A
2B
E

86.6
81.7
98.1
85.6
90.1

2
5.5
1.2
2.2
2.7

7.1
60-40b
104.5
80.9
86.6

.5

11MB4
11MB1
11SM1

6
7
8

Z
Z
LJ

1A
N/A
E

95
144
84.4

2.3

106.1
20-80b
65.1

2.1

9.6
5.9
6.5
5.3
6.3

a

*From Chapman et al., (2016) Metamorphic Grade: Z-Zeolite, PP-Prehnite Pumpellyite,
LJ-Lawsonite Jadeite, b These samples lack a unimodal age distribution and the range of
populations is shown.

4.2.1. Group One. Group 1 consists of two samples: SLO-387 and 11MB4
characterized by zircon grains exhibiting (U-Th)/He weighted mean ages ca. 105 Ma
(Figure 2.1). Sample SLO-387 is a prehnite-pumpellyite facies mélange block
metasandstone (Chapman et al., 2016). This sample yields a U-Pb maximum depositional
age of 98.1±1.2 Ma (Chapman et al., 2016) and exhibits a (U-Th)/He weighted mean age
of 104.5±9.6 Ma (2σ, MSWD = 2.1, Figures 4.2. and 4.3.). Of the double dated (i.e., U-
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Pb and ZHe ages were measured on the same grain) zircon grains, most U-Pb ages are
between 120-85 Ma (50 percent of the grains), with 36 percent of the grains ranging from
210-140 Ma, and 14 percent with Proterozoic ages. The majority (62 percent) of grains
analyzed by the ZHe method yield ages of ca. 100 Ma, with the remaining 31 percent and
7 percent yielding Early Cretaceous and Jurassic ages, respectively.
Sample 11MB4 is a zeolite facies metasandstone from a mélange block with a
maximum U-Pb depositional age of 95.0±2.3 Ma (Chapman et al., 2016). Sample 11MB4
has a weighted mean (U-Th)/He weighted mean age of 106.1±5.3 Ma (2σ, MSWD =
1.82, Figures 4.2 and 4.3). Of the single zircon grains double-dated in this sample, 40
percent exhibit U-Pb ages between 102-96 Ma. 27 percent exhibit U-Pb ages between
112-107 Ma, 27 percent exhibit Jurassic U-Pb ages ranging from 188-178 Ma, and a
single grain yields a Proterozoic U-Pb age. Eighty percent of the zircon grains dated for
(U-Th)/He in this sample exhibit ages of ca. 100 Ma and the remaining 20 percent yield
ages between 130-105 Ma.
Effective uranium (eU) and ZHe date correlations for samples in group 1 are
shown in Figure 4.4. eU-date corrleations for these samples show wide ranges in eU, but
minimal ranges in ZHe dates.
4.2.2. Group Two. Characterized primarily by zircon grains yielding (U-Th)/He
ages ca. 86-80 Ma, Group 2 is comprised of two samples: SLO-401 and 11MB5 (Figure
2.1). SLO-401 is a blueschist facies metasandstone from a mélange block with a
maximum U-Pb depositional age of 85.6±2.2 Ma (Chapman et al., 2016) and a weighted
mean (U-Th)/He age of 80.9±5.9 Ma (2σ, MSWD =7.9, Figures 4.5 and 4.6). U-Pb ages
for zircon grains selected from this sample range from ca. 1870-90 Ma: 14 percent of
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grains yield Late Cretaceous, 36 percent yield Early Cretaceous ages, 36 percent yield
Jurassic ages and the remaining 14 percent yield Proterozoic ages. However, all but one
grain yield Late Cretaceous (U-Th)/He ages, with approximately 30 percent of those
grains yielding ages of ca. 100-90 Ma and 65 percent yielding ages of ca. 85-70 Ma. The
remaining grain yields a (U-Th)/He date of ca. 140 Ma.
Sample 11MB5 is sandstone collected from the Cambria slab, one of several
trench-slope basin deposits perched atop the Franciscan complex (e.g., Smith et al., 1979;
Jacobson et al., 2011, Chapman et al., 2016). The maximum depositional age for this
sample is 90.1±2.1 Ma (Chapman et al., 2016) with a ZHe age weighted mean of
86.6±6.5 Ma (2σ, MSWD = 5.5, Figure 4.5). Grains previously dated by the U-Pb
method were unavailable for (U-Th)/He analysis in this sample (i.e., double-dates are not
presented). It is characterized predominately by grains with ZHe dates ranging from ca.
90-70 Ma (67 percent), 28 percent of the grains range from ca. 98-108 Ma, and one grain
yields a (U-Th)/He date of 167.74±42.33 Ma.
Effective uranium (eU) and ZHe date correlations for samples from group 2 are
shown in Figures 4.7 and 4.8. The correlations for sample SLO-401 show little
intrasample dispersion. eU-date correlations for sample 11MB5 show ranges in eU, but
minimal ranges in ZHe dates.
4.2.3. Group Three. Two samples constitute Group 3: 13NB1 and 11SM1
(Figure 2.1). Sample 13NB1 is a sandstone from a bedded unit encased in mélange
exhibiting a U-Pb maximum depositional age of 81.7±5.6 Ma (Chapman et al., 2016). Of
the grains selected for He-Pb double dating from this sample, U-Pb ages range from ca.
2750-80 Ma: 13 percent of the grains yield Early Cretaceous ages, 47 yield Late
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Cretaceous ages, 20 percent yield Jurassic ages, 14 percent yield Proterozoic ages and 7
percent yield Archean ages. The normalized probability plot for (U-Th)/He ages of
13NB1 lacks a unimodal age distribution (Figure 4.9) with ages ranging from ca. 40-105
Ma. 36 percent of the grains yield (U-Th)/He ages of ca. 50-45 Ma, 40 percent yield ages
of ca. 70-60 Ma and 20 percent of the grains yield ages of ca. 90-75 Ma, with errors
overlapping the younger 70-60 Ma population.
Sample 11SM1 is a blueschist facies metasandstone from a mélange block in the
Stanley Mountain window (Figure 2.1) and exhibits a maximum depositional age of
84.4±2.1 Ma (Chapman et al., 2016). The grains selected from this sample exhibit U-Pb
ages ranging from ca. 2510-85 Ma: 4 percent of the grains yield Archean ages, 25 percent
yield Proterozoic ages, 21 percent yield Jurassic ages, 33 percent yield Early Cretaceous
ages and 17 percent yield Late Cretaceous ages. The weighted mean (U-Th)/He age for
the sample is 65.1±6.3 (2σ, MSWD =29) with individual grains ranging in ZHe age
between ca. 95 and 35 Ma (Figures 4.9 and 4.10). The majority of the grains (75 percent)
fall between 80-60 Ma, 18 percent are older than 80 Ma and the remaining 7 percent of
the grains are younger than 60 Ma.
Effective uranium (eU) and ZHe date correlations for samples from group 3 are
shown in Figure 4.11. The correlations for sample 13NB1 show a positive intrasample
dispersion. eU-date correlations for sample 11SM1 show ranges in eU, but minimal
ranges in ZHe dates.
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Figure 4.2. Group One normalized probability plots. U-Pb ages older than 400 Ma for
sample SLO-387 and older than 240 Ma for sample 11MB4 are not shown.
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Figure 4.3. Group One U-Pb and (U-Th)/He date plots. 1:1 ratio line is shown U-Pb dates
older than 200 Ma for sample SLO-387 and 250 Ma for sample 11MB4 are not shown.
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Figure 4.4. Group One eU and ZHe date plots.
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Figure 4.5. Group Two normalized probability plots. U-Pb ages older than 300 Ma for
sample SLO-401 are not shown; Since grains for sample 11MB5 were not individually
double dated for both U-Pb and (U-Th)/He, U-Pb age spectra is shown as an inset figure.
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Figure 4.6. Sample SLO-401 U-Pb and ZHe date plots. 1:1 ratio line is shown, U-Pb
dates older than 250 Ma are not shown.

Figure 4.7. Sample SLO-401 eU and ZHe date plots.
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Figure 4.8. Sample 11MB5 eU and ZHe date plots.

4.2.4. Group Four. The northernmost sample, 11SL1, is a prehnite-pumpellyite
facies metasandstone with a maximum U-Pb depositional age of 86.6±2.0 Ma (Chapman
et al., 2016). The grains selected from this sample exhibit U-Pb ages ranging from ca.
1780-87 Ma: One grain yields a Proterozoic U-Pb age, 17 percent yield Jurassic ages, 50
percent yield Late Cretaceous ages, and 25 percent Early Cretaceous ages. The weighted
mean (U-Th)/He age for 11SL1 is 7.1±0.5 Ma (2σ, MSWD =7.9, Figures 4.12 and 4.13).
93 percent of the grains from this sample yield (U-Th)/He ages between 6 and 8 Ma, with
one grain at ca. 20 Ma. eU-date correlations for sample 11SL1 show ranges in eU, but
minimal ranges in ZHe dates (Figure 4.14).
4.2.5. Group Five. 11MB1 is a sandstone from the Toro Formation of the Great
Valley Group. Grains from this sample previously analyzed by the U-Pb method were not
available for (U-Th)/He double-dating. Most zircon grains in this sample had inclusions
and zircons selected for this study had the smallest and least amount of inclusions. The
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maximum U-Pb depositional age for this sample is approximately 144 Ma (Chapman,
unpublished data). Zircon grains from this sample exhibit (U-Th)/He ages ranging from
99-15 Ma with five distinct age peaks: 31 percent of the grains exhibit ages between ca.
99-80 Ma, 38 percent exhibit ages ca. 60-55 Ma and 3 peaks are defined by single grains
each at ca. 40-35 Ma, ca. 25 Ma and ca. 15 Ma (Figure 4.15). eU-ZHe date correlations
for this sample reflect a wide intrasample dispersion (Figure 4.16). This sample featured
a high number of zircons with inclusions and a very wide range of zircon grain sizes.
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Figure 4.9. Group Three normalized probability plots. U-Pb ages older than 200 Ma for
sample 13NB1 and 240 Ma for sample 11SM1 are not shown.
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Figure 4.10. Group Three U-Pb and ZHe plots. 1:1 ratio line is shown, U-Pb dates older
than 250 Ma are not shown.
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Figure 4.11. Group Three eU and ZHe date plots.
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Figure 4.12. Group Four normalized probability plots. U-Pb ages older than 200 Ma are
not shown.

Figure 4.13. Group Four U-Pb and ZHe date plots. 1:1 ratio line is shown, U-Pb dates
older than 200 Ma are not shown.
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Figure 4.14. Group Four eU and ZHe date plots.

Figure 4.15. Group Five normalized probability plots. U-Pb ages older than 1600 Ma are
not shown; since were not individually double dated for both U-Pb and (U-Th)/He, U-Pb
age spectra is shown as an inset figure.
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Figure 4.16. Group Five eU and ZHe date plots.

4.3. INVERSE THERMAL MODELING
Using HeFTy Modeling software (Ketcham, 2005), about 70 inverse models were
run for individual zircon grains from samples from Groups 2-5. Although HeFTy is
capable of running multiple zircons from one sample simultaneously to produce one
model, we were unable to use this application in this study. Models were not generated
for samples from Group 1, since the (U-Th)/He ages of these samples are identical to UPb ages. Only 4 models were run from Group 4, since this group reflects such a young
sample and the cooling history depicted in these models reflects cooling over the past 6-5
Ma. Examples of models depicted in this section are representative of the oldest (but
younger than U-Pb maximum depositional age), median and youngest ZHe age
populations exhibited in each sample. All models are shown in Appendix D with
descriptions of user specified parameters input into the HeFTy program.
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4.3.1. Group Two. All of the best-fit paths for the grains from Group 2 show a
very quick increase in temperature (over approximately 1-10°C Ma) (Figures 4.17 and
4.18). However, models show a high variability in cooling paths. Models for zircons from
sample SLO-401 show a very quick return to surface temperatures (4.17 A), a quick
cooling from peak temperatures to approximately 100-80°C with residence at those
temperature for millions of years until it cools to surface temperatures (Figure 4.17 B)
and cooling from peak to surface temperatures very slowly (Figure 4.17 C). Most models
from sample 11MB5 show cooling from approximately 100-80°C to 50 °C over tens of
millions of years (Figure 4.18A-C). The good paths, shown as a magenta envelope, show
a wide range of routes that the zircon grain could have taken as it reached heated and
cooled.
4.3.2. Group Three. Inverse t-T HeFTy models for this group show heating to
peak temperatures between a 0-25 Myr window. Cooling paths are highly variable with
cooling occurring gradually over tens of millions of years, through a 0-1 Myr range
(Figures 4.19 A-C and 4.20 A-C). The good paths, shown in magenta, show a wide range
of routes that the zircon grain could have taken as it reached heated and cooled.
4.3.3. Group Four. Inverse models for this group consistently show a wide range
of heating paths and rapid cooling over a 0-1 Myr period (Figure 4.22). The good paths,
indicated by the large magenta envelope, show an incredibly wide range of heating paths
that each zircon grain could have taken.
4.3.4. Group Five. These models exhibit best-fit paths that show high variability
in the heating and cooling paths that each zircon grain could have taken for this sample
(Figure 4.21A-C).
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Figure 4.17. Inverse Thermal Models for sample SLO-401. A) the oldest grain after max
depositional age B) a grain representing the median age population and C) the youngest
grain from sample SLO-401. Constraints are shown as black boxes, best fit-paths as black
lines, good paths as magenta envelopes.
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Figure 4.18. Inverse Thermal Models for sample 11MB5. A) the oldest grain after max
depositional age B) a grain representing the median age population and C) the youngest
grain from the sample 11MB5. Constraints are shown as black boxes, best fit-paths as
black lines, good paths as magenta envelopes.
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Figure 4.19. Inverse Thermal Models for sample 11SM1. A) the oldest grain after
maximum depositional age B) a grain representing the median age population and C) the
youngest grain from the sample 11SM1. Constraints are shown as black boxes, best fitpaths as black lines, good paths as magenta envelopes.
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Figure 4.20. Inverse Thermal Models for sample 13NB1. A) the oldest grain after
maximum depositional age B) a grain representing the median age population and C) the
youngest grain from the sample 13NB1. Constraints are shown as black boxes, best fitpaths as black lines, good paths as magenta envelopes.
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Figure 4.21. Inverse Thermal Models for sample 11MB1. A) the oldest grain after
maximum depositional age B) a grain representing the median age population and C) the
youngest grain from the sample 11MB1. Constraints are shown as black boxes, best fitpaths as black lines, good paths as magenta envelopes.
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Figure 4.22. Inverse Thermal Models for sample 11SL1. Constraints are shown as black
boxes, best fit-paths as black lines, good paths as magenta envelopes.
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5. DISCUSSION

5.1. COOLING ASSOCIATED WITH THE MAGMATIC ARC
The significant fraction of zircon grains with an overlap in U-Pb and (U-Th)/He
ages in group 1 indicates that a high amount of zircon grains in these samples have
identical crystallization and cooling ages. This indicates that these samples are unreset
with most of the zircon grains plotting along the first-cycle volcanic trend line (Figure
4.3). In cases where the (U-Th)/He (ZHe) age is older than the U-Pb age, the errors
overlap. SLO-387 and 11MB4 have low grade metamorphic assemblages, prehnitepumpellyite and zeolite grade respectively, are texturally and mineralogically immature
and lacking in recrystallization textures (Chapman et al., 2016). Therefore, it is not
surprising that they are not reset by burial processes associated with subduction
assemblages.
Since a large population of zircons in these samples exhibit analytically identical
crystallization and cooling ages, we interpret this group to constrain cooling associated
with denudation of the Sierra Nevada Batholith. Chapman et al. (2016) interpreted
detritus in this Group as being sourced from the western Sierra Nevada-Peninsular
Ranges magmatic arc, which is reflected in the large population of Late Cretaceous U-Pb
zircon ages in these rocks. Given that the U-Pb crystallization and ZHe cooling ages are
identical, we can infer that the plutons from which the detrital zircons were sourced were
emplaced and cooled quickly. This interpretation is shared in studies on basement rocks
in the region (e.g., Chapman et al., 2012).
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The youngest ZHe ages from samples in group 1 overlap U-Pb maximum
depositional ages. The three youngest ZHe ages in sample SLO-387 indicate a maximum
deposition of 95.3±7.7 Ma which is indistinguishable from the U-Pb maximum
depositional age of 98.1±1.2 Ma (Chapman et al., 2016). The youngest ZHe ages in
sample 11MB4 indicate a maximum deposition of 89.5±21.8 Ma (the high error exhibited
here is likely due to a large amount of small zircon grains in this sample). Considering
the error of the ZHe maximum depositional age, we infer that it is consistent with the UPb maximum depositional age of 95.0±2.3 Ma (Chapman et al., 2016).

5.2. COOLING ASSOCIATED WITH EXHUMATION
Sample SLO-401 is partially reset with only a small fraction of zircons exhibiting
the same U-Pb and ZHe age (Figures 4.5 and 4.6). This sample exhibits metamorphic
assemblages indicative of lawsonite-jadeite grade metamorphism (Chapman et al., 2016)
signifying that this sample reached temperatures over 180°C and pressures of at least 8
kbar (Ernst, 1980). Given that sample SLO-401 reached temperatures exceeding 180°C,
but the sample is only partially reset requires that it did not reside at temperatures higher
than 180°C for an extended period of time. ZHe and eU correlations (Figure 4.7) do not
indicate an intrasample dispersion consistent with radiation damage that results from
residing in the partial retention zone (PRZ) for an extended period of time; therefore, we
interpret that this sample was heated and cooled in a relatively short time frame.
The abundance of zircon grains with ca. 85-70 Ma ZHe ages and widely varying
U-Pb ages could be explained by two possibilities: 1) these grains were cooled from U-Pb
through ZHe closure temperatures over approximately 10 Myr interval or 2) these grains
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were buried, metamorphosed and exhumed through the ̴ 180°C helium annealing
window. Given that this sample is partially reset and could not have been heated past
180°C for an extended period of time (nor did this rock reside in the PRZ for an extended
period of time to exhibit radiation damage) and this rock features metamorphic
assemblages indicative of moderately high pressure burial metamorphism, this sample
must have been buried and exhumed quickly.
Without U-Pb dates there is no way to evaluate the degree of age resetting in
sample 11MB5. The high percentage of 90-70 Ma ZHe ages reflected in sample 11MB5
could be related to deposition or associated with cooling related to plutonism.
Metamorphic assemblages in this rock are not consistent with high pressure burial, but
rather zeolite facies metamorphism. ZHe date and eU correlations do not show
intrasample dispersion trends that would indicate radiation damage of the zircons (Figure
4.8).
Zircon grains in sample 13NB1 are variably reset with resetting taking place
between ca. 75-40 Ma and a small population unreset at ca. 105 Ma (Figure 4.9). ZHe
and eU correlations display a slightly positive trend (Figure 4.11) indicating that this
sample may have undergone relatively slow cooling in the PRZ (Guethner et al., 2013).
This relationship indicates that the younger population exhibited in this sample may be
anomalously young, thus our interpretation of these dates centers on the reset population
at 70-60 Ma. Furthermore, this sample exhibits low grade zeolite metamorphism
(Chapman et al., 2016) suggesting that it was not significantly heated past 180°C. While
this makes the sample difficult to interpret, we infer that the ages presented here are
related to cooling associated with exhumation.
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Sample 11SM1 displays partial resetting of zircon grains with reset zircon grains
exhibiting ages between ca. 80-60 Ma. ZHe and eU correlations (Figure 4.11) do not
indicate an intrasample dispersion consistent with radiation damage that results from
residing in the partial retention zone (PRZ) for an extended period of time (Guenthner,
2013).Sample 11SM1 features metamorphic assemblages characteristic of lawsonitejadeite grade metamorphism, which indicates that this sample underwent burial and
experienced temperatures greater than 180°C. Given that this sample is partially reset,
with higher grade metamorphic assemblages, we interpret that this sample was heated
and cooled in a relatively short time frame. Given that arc magmatism terminated at ca.
85 Ma (Chen and Moore, 1982), these ages most likely reflect an exhumation event.

5.3. COOLING ASSOCIATED WITH THE MENDOCINO TRIPLE JUNCTION
Sample 11SL1 is fully reset, with resetting taking place at ca. 7 Ma, which we
attribute to reheating associated with the Mendocino Triple Junction (MTJ) slab-window
migration. At this time, there is no known widespread, shallow plutonism that would
account for a reheating and cooling of this sample. The continental margin is active at
this time with ongoing deposition and there are no known extensional events that would
account for exhumation at 7 Ma for the northernmost sample of the Nacimiento block.
Upon termination of subduction of the Farallon plate beneath the North American plate,
the plate geometry requires that a void, known as a slab-window, develops southeast of
the MTJ (Atwater, 1970; Furlong and Schwartz, 2004). At this point, the removal of the
subducting Gorda plate lithosphere from beneath North American causes asthenospheric
upwelling. This upwelling is associated with high heat flow and even volcanic activity.
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The MTJ and associated slab-window has been migrating northwards for ca. 25-30 Ma
(Furlong and Schwartz, 2004). Based on reconstructions in Atwater and Stock (1998), it
is feasible that passage of the Mendocino Triple Junction would have affected this area. It
is possible that the high heat flow associated with the slab-window reheated this sample
and ZHe ages in sample 11SL1 are reflecting cooling associated with this event.

5.4. RESETTING IN THE TORO FORMATION
Sample 11MB1 has a wide range of reset ages likely due to the presence of
inclusions in the zircons from this sample. This creates a high bias in the dataset for this
sample. It is possible that because there are so many inclusions in these zircons, the dates
reflected are anomalously young and are not reflecting true cooling ages.

5.5. TRENDS OF COOLING AND RESETTING IN THE NACIMIENTO BLOCK
It would be expected that rocks which share the same metamorphic grade and
presumably experienced similar pressures and temperatures would be reset in a similar
manner; however, this relationship is not seen. Sample SLO-401 and sample 11SM1 both
exhibit mineral assemblages associated with lawsonite-jadeite metamorphism but SLO401 is partially reset at 80.9 Ma, while 11SM1 is reset at 65.1 Ma. Sample 13NB1
exhibits low grade zeolite metamorphism and is partially reset, while zircons in higher
grade pumpellyite bearing SLO-387 exhibit identical crystallization and cooling ages.
Ernst (1980) asserted that the Nacimiento block increases from metamorphic grade from
west to east. This is not reflected in the resetting of ZHe dates as there are no spatial
trends with resetting through the samples presented here.
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5.6. ORIGIN AND TIMING OF THE NACIMIENTO FAULT
The Nacimiento fault was active between 75 and 56 Ma (e.g. Dickinson et al.,
2005; Jacobsen et al., 2011; Chapman et al., 2016) and remobilized in the late Cenozoic
with strike-slip faulting related to the San Andreas fault system (Hall, 1991). Using
detrital zircon U-Pb geochronology, Chapman et al., (2016) established the Nacimiento
fault to originate extensionally. This is supported in this study since zircons in samples
SLO-401, 13NB1 and 11SM1 feature cooling ages that are coincident with the timing of
fault activity. The Nacimiento fault must have played a key role in the exhumation of the
Nacimiento Franciscan in order for this relationship to occur. If the Nacimiento fault had
acted as a thrust, more samples should show cooling well after fault activity.
Furthermore, samples SLO-401 and 11SM1 cooled quickly which is consistent with
tectonic exhumation .The data shown here indicate that cooling in the Nacimiento is
reflected in depositional ages, ca. 90-85 Ma and exhumation ages, ca. 75-65 Ma.

5.7. INVERSE THERMAL MODELING
While many of the best fit paths reflected in the inverse time-temperature (t-T)
models indicate cooling over a brief time interval, the good path envelopes show a wide
range of possible paths that these zircons could have taken as they cooled; therefore, the
models neither support nor refute a tectonic or erosional exhumation mechanism. Ninety
percent of the models for groups 2 and 3 show rapid heating, indicating that burial of
these samples occurred quickly which is consistent with subduction zone metamorphism
(Ernst, 1980).
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6. CONCLUSIONS

The data here support that exhumation in the Nacimiento block occurred rapidly
in the Late Cretaceous, ca. 75-60 Ma indicating that the Nacimiento fault played a key
role in the exhumation of the Nacimiento block. This is reflected in samples whose
maximum depositional age differs from a cooling age of only 10-20. Patterns exhibited
through detrital zircon (U-Th)/He (ZHe) ages are consistent with burial associated with
subduction zone metamorphism and with models of extension in subduction assemblages.
While thermal modeling remains a useful tool in many studies, here detrital zircon grains
are host to a wide range of pre and post depositional histories, and the models were
neither able to support nor refute exhumation mechanisms in the Nacimiento block.
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APPENDIX A
CATHODOLUMINESCENCE IMAGES
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Cathodoluminescence (CL) images for the zircons below were obtained at
Missouri University of Science and Technology on the Hitachi S4700 Scanning Electron
Microscope (SEM) at the Materials Research Center. Under a working distance of
approximately 20mm, the microscope was operated under the following conditions: 1)
Accelerating Voltage of 20-30kV; 2) Emission Current of 20-22.5 uA; 3) Aperature 1; 4)
Condenser Lens 3. The CL detector on this microscope is a mixed and lower E-T Gatan
miniCL.

CL Images of zircons from sample SLO-387
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CL Images of zircons from sample SLO-401
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CL Images of zircons from sample 11SL1
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CL Images of zircons from sample SLO-382
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CL Images of zircons from sample SLO-108
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APPENDIX B
INVERSE THERMAL MODELS
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Inverse time-Temperature (t-T) models were acquired using HeFty version 1.8.3.
Depositional time constraints are selected based on detrital zircon U-Pb maximum
depositional ages (Chapman et al., 2016) and paleontological data (Hall, 1991) and are
modeled with temperature constraints between 0-20 °C. Time constraints are selected
based on the (U-Th)/He dates corresponding to each zircon grain with temperature
constraints based on vitrinite-reflectance data (Underwood et al., 1995 and Underwood
and Laughland, 2011) as well as temperature stabilities reflected by metamorphic mineral
assemblages exhibited in each sample (Chapman et al., 2016). All grains were run with
final t-T constraints at 0-20 °C at from 0-1 Ma. All constraints are shown as black boxes,
best fit paths are denoted by a black line, acceptable paths envelopes are shown in green
and good envelopes are shown in magenta.

Inverse Models for Sample SLO-401
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Inverse Models for Sample 11MB5
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Inverse Models for Sample 11SM1
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Inverse Models for Sample 13NB1
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Inverse Models for Sample 11SL1
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Inverse Models for Sample 11MB1
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The following models were run using the following constraints: depositional time
constraints are selected based on detrital zircon U-Pb maximum depositional ages
(Chapman et al., 2016) and paleontological data (Hall, 1991) and are modeled with
temperature constraints between 0-50 °C. Time constraints are selected based on the (UTh)/He dates corresponding to each zircon grain with temperature constraints between
150°C and 250°C as well as temperature stabilities reflected by metamorphic mineral
assemblages exhibited in each sample (Chapman et al., 2016). All grains were run with
final t-T constraints at 0-50 °C at from 0-5 Ma. All constraints are shown as black boxes,
best fit paths are denoted by a black line weighted mean paths are shown as a dark blue
line, acceptable paths are shown in green and good paths are shown in magenta.
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Inverse Thermal Models for Sample 11MB5
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Inverse Thermal Models for Sample 11SM1
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Inverse Thermal Models for Sample 13NB1
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Inverse Thermal Models for Sample 11SL1
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Inverse Thermal Models for Sample 11MB1
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